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. Abstract 

c : 

, Distance measurements to type la supernovae (SNe la) indicate that the universe is accel- 

erating and it is spatially flat. Otherwise, the rotation curves for galaxies or galaxy clusters 
reveal the existence of a dark matter component. Then, approximately 0.35 of the total energy 
^ ! density of the universe consists of dark matter, and 0.65 of the energy density corresponds to 

I dark energy. These two dark components of the universe have different properties such that: 

dark matter clusters gravitationally at galactic scales while dark energy, dominating at large 
^ , scale, does not cluster gravitationally. It seems difficult to find a candidate which explains the 

CN I observations at both large and small scales. In this paper we take into account a scalar field, 

' more precisely a rolling tachyon arising from string theory, which seems be capable to explain 

O . the observations at different scales. We examine this scalar field behavior at galactic scales and 

"r^ I we fit the rotational curve data of spiral galaxies. Our results are comparable with the curves 

Qh' obtained on one hand from a complex scalar field, which only plays the role of the dark matter 

Q ■ at galactic scales, and on the other hand from the MOND model. 

: 1 Introduction 

> ■ 

^ ' The observational data of our Universe, at different scales, reveal that our Universe is dominated by a 
■ Dark density component. Indeed, the measurement of type la supernova light curves by two groups, 
' the Supernova Cosmology Project [T] and the High-z Supernova Team [2], leads to the conclusion: 
the Universe is speeding up, not slowing down. Otherwise, an independent line of evidence for the 
accelerating Universe comes from measurements of the composition of the universe. The Cosmic 
Microwave Background (CMB) anisotropy measurements indicate that the Universe is flat |n|, so 
the total density is: Qc = 1- Moreover, in a flat universe the matter density {'^m) and energy 
density {'^de) must sum to the critical density: fijv/ + ^de = ^c, where matter contribution is: 
Qm = 0.33 ± 0.04 leaving two thirds of the dark energy {floE — 0.65). In order to have escaped 
detection, this dark energy must be smoothly distributed. In order not to interfere with the formation 
of cosmic structure, the energy density in this component must change more slowly than matter, so 
that it was subdominant in the past. Theorists have been very busy suggesting all kinds of interesting 
possibilities for the dark energy. Dark energy is a negative pressure component with an equation of 
state as p = uj p with u negative, not necessary constant. One of the possible explanations is the 
existence of a non-zero vacuum energy, i.e a "cosmological constant" where a; = — 1. For candidates 
like homogeneous tachyon field (jSI) or scalar field (quintessence) [0], a; is time dependent and can 
vary between —1 and +0. 
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mean star velocity uiu not urop on witn rauius ironi tiie gaiactic center as rapiuiy as tiie laii-on in 
luminous mass in the galaxy dictated according to Newtonian gravity. The stars far from the center 
were rotating too fast to be balanced by the gravitational force from the luminous mass contained 
within that radius. This led to the proposition that most of the mass in a galaxy was low luminosity 
mass of some kind, and this invisible mass was called Dark Matter (DM) 0. The amount of dark 
matter present in the universe has been estimated using various techniques, including observing 
the velocities of galaxies in clusters [Sjand calculating the gravitational mass of galactic clusters by 
their gravitational lensing effects on surrounding spacetime. Then, the matter density is the sum of 
baryonic density fls = 0.05 and dark matter density ^^dm = 0.25. So, the rotation curves (RCs) 
of spiral galaxies ^ are the most natural way to model dark matter. Contrary to the dark energy 
component, the dark matter component , with an equation of state: p = 0, clusters gravitationally 
at galactic scales. Particle physics provides an attractive solution to the non baryonic dark matter 
problem. Long-lived or stable particles with very weak interactions can remain from the earliest 
moments of the universe in sufficient numbers to account for a significant fraction of critical density. 

Due to the supersymmetry (SUSY) breaking mechanisms, the supersymmetric theories offer the 
most promising explanations concerning the dark energy and cold dark matter components of the 
universe. However, the nature of the supersymmetric candidates depend on the scale. Indeed, in the 
Minimal Supersymmetric Standard Model (MSSM), where soft SUSY breaking terms are present, 
the lightest neutralino is a good candidate for the cold dark matter [in] but not for the dark energy. 
The dark energy is due to a scalar field, the quintessence field. And, the determination of the shape 
of the quintessence potential depends on the SUSY breaking^ mechanism. Then, the quintessence 
field is not a good candidate to explain the observations at both small and large scales (although, 
some scalar fields can play the dark matter role [T^ only ). Recent work on tachyon field (arising 
from string theory) in cosmology ( [HI , [l2] , [IHl and [H]) tends to show that a tachyon field can behave 
like dark energy with negative pressure at large scale and can cluster gravitationally on small scales. 
So, if the fine-tuning problem can be explained, the tachyon field is a viable candidate to explain the 
observations at both small and large scales. In this context, we consider a tachyon field model, given 
by T. Padmanabhan and T.R.Choudhury in reference |TH, thanks to which it is possible to obtain 
different equations of state at different scales. At large scales, the authors have shown that this 
model reproduces the correct behavior. Our study concerns the behavior of this field on small scales 
and more precisely its contribution to the dark matter component of the universe. By simplicity we 
retain only the Newtonian solution and fit the rotation curve data of spiral galaxies. 

This paper is organized as follows. In section 2, we quickly review the tachyon scalar field model 
and develop the Newtonian solution of the tachyonic Lagrangian considered. In section 3, we present 
the plots of the spiral galaxies rotation curves obtained with this type of tachyonic dark matter. 
Finally, in section 4 we conclude. 

2 The tachyon scalar field model 

In the string theoretical context, a tachyonic Lagrangian arises naturally.This is a generalization of 
the Lagrangian for a relativistic particle and it takes the following form: 

Ltach = -V{<P) - 9*09,0 (1) 

where is the tachyon field and ^(0) the potential. 

This theory admits solutions where the two following conditions: V ^ 0, diCpd'^cj) 1 can be 
met simultaneously. Such solutions have finite momentum density and energy density. Then, the 
solutions can depend on both space and time and the momentum density can be an arbitrary function 
of the spatial coordinate. Thus, this context seems to be adapted at the same time to large and small 
scales in cosmology. 

^However, SUSY breaking scale, at least of the order of 1 Tev, is the crucial point to acheive in expHcit string 
models. Indeed, such a breaking must arise from nonperturbative effects which are often difficult to control [TT] . 
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The model considered is given by T. Padmanabhan and T.R.Choudhury in reference [Tl|. We quickly 
review the principal ingredients. For more details, the reader is referred to [H]. This model takes into 
account the gravitational interaction modified by a scalar field and a scalar potential. The effective 
low energy action is: 

s = J d'xV^ij^ -v{<p)VT^^¥m>) (2) 

where R is the curvature scalar, G the gravitation constant {h = c = 1) and g the determinant of 
the metric. Moreover, the field is regarded as a scalar field for simplicity. The Einstein equations 
are 

i?^ - ^61R = SnGTi (3) 
and the stress tensor for the scalar field can be written in a perfect fiuid form 

T^k = (P + p)u^Uk — pSl with Uk = — -j^=^= and UkU^ = 1 (4) 
The density and the pressure are respectively: 

P= J^L^ ' P=-n0)Vl-5W (5) 
This stress tensor can be put in the form according to: 

P = Pde + Pdm (6) 

P = Pde + Pdm 
with the two different equations of state: 

PD^^ = /, o Pdm = (7) 

V 1 — d'-cpOicj) 

Pde = V{(j))^/l - d'(f)di(j) and pde = -Pde 

Thus, we notice that the stress tensor can be broken up into the sum of two components, one 
having the behavior of dark energy and the other one the dark matter behavior. However, the 
scalar field must have a particular configuration to account for the equations of state on different 
scales. Then, the effective field^ that we chose has the following form: 

r) = A{r)t + f{r) exp(-2t) (8) 

where the functions, A{r) and /(r), determine the evolution of the field on the various scales. 
The time dependence is related to the potential 

K(0(t,r)) = Hexp(-%^) (9) 

At large scales, the rate of the expansion of the universe is determined by A{r). Indeed, when 
r increases the fiuctuations decrease, so 0(r) will be a decreasing function of r thus A{r) will have 
a value less than unity. Taking 4>'{r) = A{r) = constant and V = Vq/ exp(A(r)t) one can find 
consistent set of solutions for an Q = 1 Friedmann-Robertson- Walker model with a power expansion 

a{t) oc and A{r) = J^. 



^The effective field is the average of a field <j){t,x) over a length scale r (52], and [Tfi] 1 



[i ^ (yj) ana poE ~ u wnat implies tiiat: v — > u ana Uicpu (/; — > i, lilus ^yi ) — > i- m tins context 
we have 

pDM ~ ^— for 00 ~ 1/2 and p^E ~ (10) 

the pressureless component dominates at galactic scales and the associated density is independent 
of time ([l2], [IHl)- This resembles the non-interacting dark matter and the field r) can play the 
role of dark matter. 

We have just seen that this scalar field can give an account at the same time of dark energy and 
dark matter components of the universe. The next step is now to study the behavior of this field at 
galactic scales. 

2.2 Newtonian solution 

In this section, we consider the scalar field as the dark matter of the universe at galactic scales. 
Under these conditions, the expression of the field takes the following form: 

r) = A{r)t + /(r) exp(-2t) with A{r) 1 (11) 

The analytical expression of /(r) is given by the solution of the differential equation for the 
scalar field. This equation is obtained from the Lagrangian (l2j, the Einstein equations and (jH) 
and the Klein Gordon equation for a massless field. Moreover, the spherically symmetric solutions 
are characterized by the Schwarzschild metric: 

ds^ = exp{u{r))dt^ - exp{X{r))dr^ - r^{d9^ + sin^ 9d^^) (12) 

where z/(r) and A(r) are constant for the Newtonian solutions. 
Then, the differential equation for the scalar field is given by 

/"(r) + ^/'(r)-4/(r) = (13) 

where ' = ^. For simplicity, we take exp(A(r) — z/(r)) = 1 since z/(r) and A(r) are constant. 
The Newtonian form of /(r) reads 

/(r) = ^(Ci sinh(2r) + C2 cosh(2r)) (14) 

where Ci and C2 are two constants, with C2 = 0, so that the solution is not singular at the origin. 
Taking into account the equations (fTljl and (fTTHl the density energy expression takes the following 
form: 

Vo Vo 



~ 7W) ~ ^^^^ 

For small r, we have p oc ^J^ (l — y + j^)) it is proportional to a constant C = This 
constant resembles a core radius. Otherwise, the mass function is given by M(x) = f^^ p{r)r'^dr then 
we obtain 

^(5/2) 

M{x) = C (16) 
Jo vsmh(2rj 

Therefore, we shall model rotation curves of spiral galaxies. Observational data show that rotation 
curves are becoming fiat in the surrounding region of galaxies where data are received from the 21cm 
wavelength of neutral hydrogen (HI). We introduce dark matter consisting of the massless scalar 
field which interacts with the luminous matter exclusively by the gravitational force. We apply only 
Newtonian solutions of our model. 
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The behavior of is presented in figure 1, for C = dOkm/s (with C 
curve presents a maximum and an asymptotic value for large x. 



(17) 



C ). At low X, this 
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Figurel: A rotation curve v^p for a value of C 
velocity is in km/s and x in kpc. 
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3 Rotation curves for spiral galaxies 

To model rotational curves of spiral galaxies, we use the universal rotation curves of Persic, Salucci 
and Stel [9J^ and some individual ones \L^. The total rotation curves result from a combination of 
several components, i.e. the stellar disk, the halo, the gas and the bulge of the galaxy 



Vtotal 



disk ~ halo ~ gas 



bulge 



(18) 



The rotation curve for stellar disk follows from an exponential thin disk light distribution and the 
halo contribution is given by v^. 



3.1 Universal rotation curves 

The universal rotation curves [H] depend on two components: the stellar disk and our halo 



Vtotal 



'^disk + "^Lio 



The contribution from the stellar disk can be written as: 

1.97x(i-22) 



X2 + 0.782 )1-43 



(19) 



(20) 



^However, universal rotation curves, depending only on the luminosity, don't represent very well the data in some 
cases [T?^ 



ulue Ddim IS iviq = — zu.o anu ivib = — u.oo -t- u.yziw/ yivij lor tne i uaiiuj. ine constants m tne 
function are arranged in order to obtain the best fit for our rotational curves. The equation ()2n|) 
vahd within the range 0.04 ~ a; < 2. 
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X MI=-20.5 X MI=-20.9 x Mh-21.6 
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X MI=-22.2 X Mh-23.2 

Figure2:Height universal rotation curves arranged by absolute magnitudes 
MI, the radial coordinate x in units of the optical radius Xopt and the velocity 
V in units of v{opt). The halo curve is represented by a green line (or gray 
dotted line) for initial values C = 1.5,1.36,1.29,1.21,1.05,0.93,0.74,0.62 
corresponding to MI = —18.5 for the first and MI = —23.2 for the last 
value. The blue (black dotted) and red (continious) lines are respectively the 
disc curve and the total rotation curve. 



Ropt is the optical radius such as Ropt = 3.2i?£) where Rd is the disk exponential length-scale. 
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Figures: Rotation curve fits for NGC6503, NGC2403, NGC3198 and 
NGC2903 with our halo (red or blak continious), stars (blak dotted) and 
HI gas (light blue or gray dashed-dot). Our rotation curves are the pink 
(or gray dotted) curves. The curves associated to the scalar complex field 
are green (or gray long-dashed) for the velocity of the field and dark-blue (or 
dark-gray dotted) for the rotation curves. The velocity is measured in [km/s] 
and the radial coordinate r in [kpc] 
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NGC7331, C'=1 92 km/sec 
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NGC2841, C'=237 km/sec 
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Figure4: Rotation curve fits for NGC7331 and NGC2841 with bulge. Our 
halo (red or black continious), stars (black dotted), bulge (red or gray dotted) 
and HI gas (light blue or gray dashed-dot) are represented. Our rotation 
curves are the pink (or gray dotted) curves. The curves associated to the 
scalar complex field are green (or gray long-dashed) for the velocity of the 
field and dark-blue (or dark-gray dotted) for the rotation curves. The velocity 
V is measured in [km/s] and the radial coordinate r in [kpc] 



Our halo contribution depends on the parameter C only. At each absolute magnitude Mj corre- 
sponds one C value. 

The main results are shown in Fig. 2. This figure shows eight observational rotation curves with 
different absolute magnitudes M/ as well as the fitted curves using equation (jTH)). The individual 
contributions from disk and the scalar field are also shown. From the observational data, we see 
that low luminosity spiral galaxy has a rather increasing rotation curve and a high luminosity spiral 
galaxy a rather decreasing rotation curve. This means that a spiral galaxy with low luminosity is 
stronger dominated by a dark matter halo than a spiral one with high luminosity. Our model has the 
same behavior. Indeed, for low luminosity, the scalar field contribution is more significant than in the 
case of high luminosity. This fact is related to the parameter C which only determines the halo far 
from the luminosity matter region. Unfortunately, for low luminosity corresponding to M/ = —18.5 
for the first and M/ = —20.9 for the last one, we don't have a good agreement of the data. Our 
curves are below the data with an order of magnitude of 20% for the first and 15% for the other 
ones. For high luminosity we obtain a rather good agreement with the data. 

3.2 Spiral galaxies rotation curves 

In this subsection, we consider two type of individual spiral galaxies ( [15J andfTTj), some of them with 
bulge and the others one without. Four galaxies, where the stellar disk, gas and halo components 
contribute to the rotation curves, are shown in figure 3. In figure 4, we present two spiral galaxies in 
which a clear bulge can be read off the light curve. For each individual galaxies, in order to obtain the 
best fit for our rotational curves, the C parameter is deduced from the observational data and the 
disk component so that: C ~ Vdisk in the range where the observational rotation curve becomes fiat. 
Moreover, for each spiral galaxy, reaches its maximum at the radial coordinate r corresponding 
to the last observational point. The data for rotation curve fits are listed in Table (jlj. 

Concerning the spiral galaxies without bulge, the rotation curves are presented in figure 3. Figure 
3 shows the observational data, the individual contributions from luminous matter, the gas and our 
halo of four different spiral galaxies. The comparison with a scalar complex field, ^\ {^ij, t) = 
P{r) exp{—iu!t)) which plays only the role of dark matter, is also shown. The maximum observed 
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Table 1: Data for rotation curve fits 



rotation velocity for the galaxy NGC6503 is Vmax = I21km/sec and the order of ~ 216km/ sec for the 
NGC2903. In these curves, we remark that the agreement between our model and the observational 
data, is sensitive to the maximum observed rotation velocity. Indeed, for the spiral galaxy NGC2903, 
we obtain a very good agreement of the data as for the scalar complex field. When the velocity 
decreases, i.e. for NGC2403 {vmax = I36km/sec) and NGC3198 {vmax = I57km/sec), our curves 
are below the data in the surrounding region, with an order of magnitude of 10% for the first one 
and 15% for NGC3198 whereas the complex field model describes the data perfectly. In the case 
of the Modified Newtonian Dynamics (MOND) model P^, the rotation curves agree well with the 
observed curve for NGC2403 and for NGC3198 the differences are in the opposite sense (about 15%). 
However, concerning the spiral galaxy NGC6503, our model as well as the complex scalar field don't 
reproduce the observational data. 

The spiral galaxies, NGC7331 {vmax = 257km/ sec) and NGC2841 {vmax = 326km/ sec), with 
bulge are presented in figure 4. For NGC7331, our model (like the scalar complex field and the 
MOND model) reproduces the observational data perfectly. Unfortunately, we obtain very bad 
results for NGC2841 in the inner regions (about 30%), as in the case of the scalar complex field. 
However, in the outer regions the scalar complex field model gives good agreement with the data 
while our model is lower (about 20%). In the MOND model, the predicted curve is significantly 
higher than observed in the inner regions (about 15%) and comparably lower in the outer regions. 

Finally, we conclude that the considered tachyonic field (eqlHJ [H] gives interesting results at 
galactic scales, for reasonable velocities. For extreme velocities such as: 121km/ s (NGC6503) and 
326km/ s (NGC2841), our model as well as the complex scalar field (and MOND model) don't 
reproduce the observational data. In this context, such field seems to be a viable candidate to 
explain the observations at both small and large scales. 

4 Conclusion 

In this paper, we were interested in a tachyon field |T4] (arising from string theory ref . [5] . [T2] . [T3] ) 
which can behave like dark energy with negative pressure at large scales and can cluster gravitation- 
ally on small scales. Such tachyon field seems to be a viable candidate to explain the observations 
at both small and large scales. Here, we have studied the behavior of this tachyonic field at galactic 
scales and more precisely its contribution to the dark matter component of the universe. By simplic- 
ity, we have retained only the Newtonian solution of the Lagrangian considered. In this context, we 
have fitted the rotation curves of six spiral galaxies (two with bulge and four without bulge). 

Our rotation curves show that this model gives interesting results. Indeed, for the galaxies 
NGC2903 and NGC7331 we obtain a good agreement with the data and reasonable results for the 
other ones, our results are comparable with the curves obtained on the one hand from a complex 
scalar field, which only plays the role of the dark matter at the galactic scales, and on the other 
hand from the MOND model. To conclude, we think that such tachyonic field is a viable candidate 
to explain the observations at both small and large scales. 
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